Background-Histone deacetylase 3 (HDAC3) is known to play a crucial role in the differentiation of endothelial progenitors. The role of HDAC3 in mature endothelial cells, however, is not well understood. Here, we investigated the function of HDAC3 in preserving endothelial integrity in areas of disturbed blood flow, ie, bifurcation areas prone to atherosclerosis development. Methods and Results-En face staining of aortas from apolipoprotein E-knockout mice revealed increased expression of HDAC3, specifically in these branching areas in vivo, whereas rapid upregulation of HDAC3 protein was observed in endothelial cells exposed to disturbed flow in vitro. Interestingly, phosphorylation of HDAC3 at serine/threonine was observed in these cells, suggesting that disturbed flow leads to posttranscriptional modification and stabilization of the HDAC3 protein. Coimmunoprecipitation experiments showed that HDAC3 and Akt form a complex. Using a series of constructs harboring deletions, we found residues 136 to 206 of HDAC3 to be crucial in this interaction. Enforced expression of HDAC3 resulted in increased phosphorylation of Akt and upregulation of its kinase activity. In line with these findings, knockdown of HDAC3 with lentiviral vectors (shHDAC3) led to a dramatic decrease in cell survival accompanied by apoptosis in endothelial cells. In aortic isografts of apolipoprotein E-knockout mice treated with shHDAC3, a robust atherosclerotic lesion was formed. Surprisingly, 3 of the 8 mice that received shHDAC3-infected grafts died within 2 days after the operation. Miller staining of the isografts revealed disruption of the basement membrane and rupture of the vessel. Conclusions-Our findings demonstrated that HDAC3 serves as an essential prosurvival molecule with a critical role in maintaining the endothelial integrity via Akt activation and that severe atherosclerosis and vessel rupture in isografted vessels of apolipoprotein E-knockout mice occur when HDAC3 is knocked down. (Circulation. 2010;121:132-142.)
integrity. Besides regulating the vascular tone by controlling the contractility of vascular smooth muscle cells, the endothelial monolayer also functions as a permeable barrier between the blood and the subendothelial matrix proteins that prevents inflammatory cell infiltration, thrombus formation, and vascular smooth muscle cell proliferation. 1, 2 Endothelial dysfunction acts as a trigger in the initiation of atherosclerosis, 3 which is closely related to local hemodynamic forces. For instance, low or disturbed shear stress that occurs in vessel branch points, the outer wall of bifurcations, and the inner wall of curvatures is considered proatherogenic. Disturbed flow is associated with higher mitotic and apoptotic activity of endothe-lial cells, decreased endothelial nitric oxide (NO) synthase expression, impaired alignment, increased reactive oxygen species production, widening of the junctions between cells, and increased cytokine and adhesion molecule production. On the other hand, areas experiencing high laminar shear stress are considered atheroprotected. Endothelial cells in these regions tend to align to the direction of flow, exhibit a quiescent phenotype, and express significantly lower inflammatory mediators. 4 -7 
Clinical Perspective on p 142
Histone deacetylases (HDACs) have previously been shown to be important in the biology of endothelial progen-itor cells, 8 but their role in atherosclerosis prone areas is unknown. HDAC3 belongs to the class I HDACs. It can catalyze the removal of acetyl groups from histone and nonhistone proteins. It is expressed ubiquitously, and its activity depends on its association with multisubunit repressor complexes containing the silencing mediator for retinoid and thyroid hormone receptors and with nuclear-receptor corepressors. 9 HDAC3 is present in both the nucleus and cytoplasm of cells. 10 Global loss of HDAC3 leads to embryonic lethality before embryonic day 9.5 as a result of proliferation defects. 11 Our previous studies showed that HDAC3 is involved in the differentiation of embryonic stem cells into endothelial progenitors. 12, 13 Nevertheless, its part in maintaining endothelial integrity and developing atherosclerosis in vivo is unknown.
In the present study, we investigated the role of HDAC3 expression in mature endothelial cells in areas of disturbed flow. Our experiments revealed that HDAC3 is critical for endothelial cell survival and acts as a prosurvival molecule that could serve as a potential target for novel therapeutic interventions.
Methods

Cell Culture
Human umbilical vein endothelial cells (HUVECs) were isolated from the human umbilical cord and cultured on collagen I-coated flasks in M199 medium supplemented with 3 ng/mL endothelial cell growth factor (Sigma, St Louis, Mo), 1 g/mL endothelial growth supplement from bovine neural tissue (Sigma), 10 U/mL heparin, 1.25 g/mL thymidine, 5% fetal bovine serum (PAA, A15-108), and 100 g/mL penicillin and streptomycin in a humidified incubator supplemented with 5% CO 2 .
Flow Experiments
Laminar flow and disturbed flow were applied to HUVECs as described previously. 14, 15 When inhibitors were used, the reagents were applied 1 hour before the initiation of stress at the following concentrations: LY294002, 5 mol/L; PD98059, 5 mol/L; SU1498, 1 mol/L; and sodium nitroprusside, 100 mol/L (all purchased from Sigma). Cells were subsequently exposed to disturbed flow for 4 hours.
En Face Staining
All animal experiments were performed according to protocols approved by the Institutional Committee for Use and Care of Laboratory Animals. Mice were anesthetized and perfused with 4% paraformaldehyde to fix endothelial cells, followed by dissection of the aortic tissue. The artery was mounted onto a rubber with the lumen opened and facing up. Staining was performed as described previously. 15 Images were assessed with a Zeiss Axioplan 2 and processed by Adobe Photoshop software.
Mouse Aortic Isograft Model
The procedure for the mouse aortic isograft was similar to that described recently. 15 Aortas were isolated from donor Tie2-LacZ/ ApoE Ϫ/Ϫ mice. 16 One end and main branches were ligated. Then, 300 L viral solution (6ϫ10 6 TU/mL) supplemented with 10 g/mL polybrene (Sigma) was injected into the lumen, and the other end was ligated. The tissue was incubated with the viral solution for 2 hours at 37°C and subsequently cut into 2 pieces and isografted into the recipient Tie2-LacZ/ApoE Ϫ/Ϫ mice. Three weeks later, the grafts were harvested and fixed with formalin. The sections were stained with hematoxylin and eosin. Details on materials and methodology are available in the online-only Data Supplement.
Results
Disturbed Flow Increases HDAC3 Expression in Endothelial Cells
Atherosclerosis develops at specific sites of the vasculature that experience disturbed blood flow. 6 To determine whether HDAC3 expression in endothelial cells is affected by flow patterns, we performed en face staining of mouse aorta using an HDAC3 antibody. Immunostaining revealed that HDAC3 expression was upregulated in areas in close vicinity to branch openings where disturbed flow occurs ( Figure 1A ) compared with areas of undisturbed blood flow ( Figure 1B ). In the in vitro experiments, HUVECs expressed HDAC3 in static conditions but, when exposed to disturbed flow, displayed a transient stabilization of HDAC3 protein ( Figure  1C ). On the contrary, HDAC3 protein expression was not affected by laminar shear flow (data not shown). It is noteworthy that the expression of HDAC3 in vascular smooth muscle cells is not affected by flow patterns in vivo ( Figure  I of the online-only Data Supplement). Interestingly, no increase in deacetylase activity was observed in HUVECs exposed to disturbed flow ( Figure 1D ).
Effect of HDAC3 Knockdown on Endothelial Cell Viability
To investigate whether HDAC3 could play a role in endothelial cell survival, we knocked down HDAC3 expression in endothelial cells using shRNA lentiviral constructs. Two lentiviral vectors encoding an shRNA oligonucleotide targeting HDAC3 exon 14 and exon 15, respectively, gave the best results and therefore were used in the rest of this study. HDAC3 protein expression was reduced to 25% to 30% (Figure 2A ). HDAC3 knockdown had a dramatic effect on cell morphology, with the majority of cells rounded up and showing extensive membrane blebs ( Figure 2B ). Cell number was also reduced by almost 50% ( Figure 2C ). MTT assay confirmed that these cells have a severe defect in survival ( Figure 2D ). Cell-death assay demonstrated an enhanced presence of nucleosomes in the cytosol of HUVECs after HDAC3 knockdown ( Figure 2E ), an indication of apoptosis. Similar results were obtained after annexin V staining ( Figure  2F ). These findings suggest that HDAC3 plays a critical role in endothelial cell survival in vitro. Further experiments with aortic segments from Tie2-LacZ/ApoE Ϫ/Ϫ mice showed that knockdown of HDAC3 led to loss of endothelial cells in these fragments ( Figure 3 ), implying that HDAC3 knockdown affects endothelial cell survival both in vitro and ex vivo.
HDAC3 and Akt Form a Complex
Aiming to delineate the signaling pathways involved in HDAC3 stabilization in response to disturbed flow, we treated endothelial cells with various inhibitors before the initiation of flow. Cells were exposed to disturbed flow for 4 hours. As shown in Figure 4A , these experiments indicated that stabilization of the HDAC3 protein was abolished when inhibitors for vascular endothelial growth factor receptor (VEGFR2) and PI3 kinase were included, indicating an involvement of VEGFR2/PI3 kinase signaling pathways. Because the serine/threonine protein kinase Akt is an important mediator of PI3 kinase signaling, we decided to assess the Akt and HDAC3 expression levels at the membrane fraction. Our experiments revealed an increased presence of both proteins at the membrane in HUVECs exposed to disturbed flow ( Figure 4B ). Moreover, immunoprecipitation experiments showed that Akt and HDAC3 could form a complex. The interaction was evident in static conditions and became stronger under conditions of disturbed flow, when increased phosphorylation at serine and threonine residues was also observed on HDAC3 ( Figure 4C ). Deletion analysis with a series of constructs harboring deletions of HDAC3 protein showed that amino acids 136 to 206 of HDAC3 were crucial for Akt interaction ( Figure 4D ). Aiming to determine whether Akt can phosphorylate HDAC3, we performed an in vitro kinase assay using recombinant active Akt and immunoprecipitated HDAC3 as a substrate. No phosphorylation event was observed (data not shown), which suggests that HDAC3 is not a substrate for Akt.
Disturbed flow areas are associated with reduced NO levels. On the contrary, in areas exposed to high laminar flow, increased levels of NO are known to occur. To determine whether NO levels could affect the formation of the HDAC3-Akt complex, we pretreated HUVECs with an NO donor (sodium nitroprusside 100 mol/L) and subsequently exposed the cells to disturbed flow in the presence of the NO donor. Static samples treated in a similar manner were used as control. As shown in Figure 4E , increased NO levels did not abolish the formation of the HDAC3-Akt complex but inhibited the enhanced stabilization of the HDAC3-Akt complex observed under disturbed flow, which suggests that in areas of disturbed flow patterns, reduced NO levels are crucial for the increased binding of HDAC3 to Akt. Interestingly, only negligible deacetylase activity was detected in the HDAC3-Akt complexes ( Figure 4F ).
Effect of HDAC3 on Akt Activity
Akt is fully active when T308 and S473 are phosphorylated. 17 To evaluate the effect of HDAC3 on Akt activity, we used lentiviral vectors to knock down HDAC3 expression. Interestingly, knockdown of HDAC3 with either vector led to decreased phosphorylation of both T308 and S473 on Akt ( Figure 5A ). In a similar manner, overexpression of HDAC3 induced a robust upregulation of Akt phosphorylation at both regulatory sites ( Figure 5B ). In vitro kinase assay was performed to determine the effect of HDAC3 overexpression on Akt activity. Whole-cell lysate (200 g) was used to immunoprecipitate Akt from HUVECs overexpressing HDAC3, and a GSK3 fusion protein served as a substrate. Because of the small amount of protein used, the interaction of HDAC3 and Akt was not evident. However, significantly higher Akt kinase activity, as displayed by increased phosphorylation of the substrate, in HDAC3-overexpressing cells ( Figure 5C ) was observed. In line with these findings, increased levels of phospho-Akt were detected in close proximity to branching points where HDAC3 expression is elevated ( Figure 5D ). In a similar manner, when aortic segments were infected ex vivo with shHDAC3 lentiviral particles, reduced phospho-Akt levels were observed ( Figure  5E ). Interestingly, inhibition of HDAC activity with trichostatin A did not abrogate this response, as indicated by experiments using various concentrations of the reagent ( Figure 5F ) and a time-course experiment ( Figure 5G ), suggesting that this is a novel function of HDAC3 that is independent of its deacetylase activity. Aiming to delineate the mechanisms involved, we wondered whether overexpression of HDAC3 would facilitate the transport of Akt to the cell membrane and therefore act as a carrier. Isolation of the membrane fraction in these cells revealed an increased presence of HDAC3 but not Akt, suggesting that this is not the case ( Figure 6A ). Next, we examined the role of phosphatase PP2A, which was previously shown to dephosphorylate Akt. Decreased phosphatase activity could lead to an increased half-life of phosphorylated Akt. 18, 19 Knockdown of HDAC3 and inhibition of PP2A activity with okadaic acid (1 nmol/L) failed to restore the phosphorylation levels of Akt, indicating that PP2A activity is not involved in this regulation ( Figure 6B ). However, treatment of cells with a PI3 kinase inhibitor (5 mol/L LY294002) reduced the Akt phosphory- lation levels observed after HDAC3 overexpression ( Figure  6C ). In a similar manner, PI3 kinase activity was increased after enforced expression of HDAC3 ( Figure 6D ).
Overexpression of Active Akt Can Partially Rescue the Apoptotic Response Observed After HDAC3 Knockdown
To determine whether the apoptotic response induced by HDAC3 knockdown was due to reduced Akt activa-tion, 20,21 overexpression of a myristoylated Akt protein was performed. Reconstitution of active Akt in cells infected with shHDAC3 viruses led to an increased number of cells ( Figure 7B ) and improved cell morphology ( Figure  7A ). Interestingly, most HUVECs infected with shHDAC3 died after 7 days in culture, whereas the growth of these cells when overexpressing active Akt could be partially rescued ( Figure 7B ). Reduced apoptosis ( Figure 7C ) and increased cell survival ( Figure 7D ) and proliferation ( Figure 7E) were also verified by cell-death ELISA, MTT assay, and BrdU incorporation, respectively. These results indicate that HDAC3 interaction with Akt regulates its activity and plays a key role in endothelial cell viability.
Robust Neointima Formation in Aortic Isografts After HDAC3 Knockdown in Endothelial Cells
To investigate whether HDAC3 is critical for endothelial cell survival in vivo, we used the mouse aortic isograft model. Aortas from apolipoprotein E-knockout (ApoE Ϫ/Ϫ ) mice were harvested, infected with shHDAC3 or the nontargeting control for 2 hours, and then isografted into the carotid artery of recipient ApoE Ϫ/Ϫ mice. To confirm that HDAC3 downregulation occurs specifically in endo-thelial cells in the isograft, the mouse aortas were infected with shHDAC3 or the nontargeting control and harvested 48 hours after grafting. Immunofluorescence staining showed that only the endothelial monolayer was infected. HDAC3 expression was significantly reduced in endothelial cells in the shHDAC3 grafts compared with the nontargeting control, whereas HDAC3 expression in the media was not affected. CD31 was used as a marker for endothelial cells ( Figure II of the online-only Data Supplement). To evaluate the role of HDAC3 in neointima formation, the isografts were harvested 3 weeks later. The isografts infected with the nontargeting lentivirus showed small neointimal lesions ( Figure 8A ). On the contrary, isografts infected with the shHDAC3 virus exhibited a robust atherosclerotic lesion ( Figure 8B and 8C) . Interest- ingly, 3 of 8 mice that received an shHDAC3-infected isograft died within 2 days after the operation. Close examination of the isografts showed a rupture of the vessel. Miller staining of the isografts revealed a disruption of the basement membrane and elastic fibers ( Figure   8D ). Of note, immunostaining of the isografts demonstrated that the HDAC3 levels in the vascular smooth muscle cells were not affected ( Figure 8E ), suggesting that HDAC3 expression in endothelial cells is crucial for maintaining the vascular integrity. Overexpression of active Akt can partially rescue the apoptotic response observed after HDAC3 knockdown. A, Cell morphology of HUVECs after active Akt overexpression in the presence or absence of HDAC3 knockdown. B, HUVECs were seeded at a density of 1ϫ10 5 per 6 wells and infected with the viruses as described in Methods. Fresh medium was provided every other day. Cells were counted at the indicated time points and replated. Reduced apoptosis as determined by the presence of nucleosomes in the cytosolic fraction (nϭ3; C) and increased survival as indicated by the MTT assay (nϭ4; D) were observed after active Akt overexpression in shHDAC3-infected HUVECs. E, Proliferation as determined by BrdU incorporation (nϭ3). Graphs show statistical data of meanϮSD from 3 independent experiments. *Significant difference from shHDAC3ϩAdnull-infected sample.
Discussion
Atherosclerotic lesions occur preferentially in regions of low or disturbed shear stress. These mechanical forces, which modulate the structure and function of the endothelium, determine the outcome of lesion formation. 7, 22 In the present study, we demonstrate for the first time that disturbed flow induces transient stabilization of the HDAC3 protein in endothelial cells through activation of the VEGFR2 and PI3 kinase signaling pathways. In addition, we show that HDAC3 is critical for endothelial cell survival, at least partially by controlling the baseline activation of Akt. We identified translocation of Akt and HDAC3 to the cell membrane under disturbed flow and formation of a complex that affects Akt activity in endothelial cells. Moreover, in vivo experiments using the mouse aortic isograft model confirmed the prominent role of HDAC3 in maintaining the integrity of the vessel and provided further evidence that HDAC3 functions as a prosurvival factor in the vasculature.
HDAC3 protein is expressed ubiquitously and conserved across many species. 23 HDAC3 is a repressor for many transcription factors (c-jun, E2F/Rb, nuclear factor-B), but it also regulates transcription through binding to specific promoters, where it represses transcription through deacetylation of the histone tails. 24 -27 Interestingly, its function seems to differ in primary and immortalized cells. Previous studies have reported the localization of HDAC3 to the mitotic spindle and have shown that HDAC3 knockdown leads to chromosome misalignment, impaired kinetochore-microtubule attachment, and mitotic spindle collapse in immortalized cells, 28 whereas in primary cells, HDAC3 gene deletion does not lead to mitosis defects. 11 Other studies highlighted the role of HDAC3 in stress-induced cell apoptosis and cell viability. 29, 30 Animal models targeting global HDAC3 protein expression yielded very early embryonic lethality in that no null embryo was detected on embryonic day 9.5. 11 Deletion of HDAC3 in the postnatal mouse liver, however, did not lead to lethality. Instead, these mice developed hepatomegaly, which was the result of hepatocyte hypertrophy. These morphological changes coincided with significant imbalances between carbohydrate and lipid metabolism. 31 In a similar manner, cardiac-specific deletion of HDAC3 led to massive cardiac hypertrophy and metabolic abnormalities. 32 In the present study, we assessed the role of HDAC3 in adult endothelial cells and found that HDAC3 expression was increased in close proximity to branch openings compared with areas of undisturbed flow, which was also confirmed by exposure of endothelial cells to disturbed flow in vitro because a transient stabilization of the HDAC3 protein was detected. These findings established the impact of HDAC3 on endothelial function in response to disturbed flow.
Activation of VEGFR2/PI3 kinase leads to phosphorylation of membrane phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ], which generates PI(3,4,5)P 3 , some of which is converted to phosphatidylinositol 3,4-trisphosphate [PI(3,4)P 2 ] by a phospholipid phosphatase. PI(3,4)P 2 and PI(3,4,5)P 3 recruit Akt, a major downstream effector of PI3 kinase, to the cell membrane. 17 Here, we present the first evidence of functional interaction between Akt and HDAC3 and identify a key role for HDAC3 in maintaining baseline Akt activation levels. Deletion analysis identified amino acids 136 to 206 of HDAC3 as critical for this interaction. Intriguingly, the levels of NO affect the formation of the HDAC3-Akt complex. This could explain the stabilization of the complex and the enhanced binding observed in disturbed flow, where reduced NO levels are known to occur. Previous studies have revealed that NO donors markedly reduced the enzymatic activity of HDAC2, minimally influenced that of HDAC1, and had no effect on HDAC3. 33 Our data suggest a novel role of NO as a bioactive molecule in the regulation of HDAC3 function through modulation of HDAC3-Akt binding. To further elaborate on the effect of this binding, we used lentiviral vectors encoding shRNA targeting HDAC3. Because we also identified multiple isoforms of HDAC3 in endothelial cells (data not shown), we found that by using oligonucleotides targeting exons 14 and 15, we could achieve the most efficient downregulation Akt phosphorylation at steady state is tightly regulated, representing a balance between kinase-activating and phosphatase-inactivating events. 18, 34 Aiming to delineate the molecular mechanisms involved, we examined the Akt localization to the cell membrane, the PI3 kinase, and the PP2A phosphatase activity. Our experiments showed that overexpression of HDAC3 did not induce translocation of Akt to the cell membrane, which would lead to constitutive activation of Akt; instead, Akt phosphorylation was enhanced through increased activity of PI3 kinase.
Cell proliferation and survival depend significantly on Akt activation. 35, 36 Could the diminished Akt activation observed in shHDAC3-infected HUVECs have an effect on cell viability? Our experiments showed a dramatic effect on cell survival and proliferation. Reduced cell numbers, extensive membrane blebbing, and apoptosis were observed in these cells. This response could be partially rescued by the overexpression of constitutively active Akt, implying that HDAC3 expression was critical for cell survival through regulation of Akt activity at baseline. Furthermore, ex vivo experiments using aortic segments from Tie2-LacZ/ApoE Ϫ/Ϫ mice showed a significant loss of endothelial cells after HDAC3 knockdown. Additional evidence supporting the importance of HDAC3 in the survival of primary endothelial cells was provided by an in vivo model of atherosclerosis. Infecting the endothelial monolayer with shHDAC3 in aortic isografts led to a robust atherosclerotic lesion formation and, in some cases, even vessel rupture. Interestingly, it seems that HDAC3 is essential for endothelial monolayer survival and integrity.
Previous studies suggested that HDACs play a role in the vasculature. Investigation of HDAC1 and HDAC2 expression in situ in atherosclerotic lesions of human coronary arteries indicated reduced expression of HDAC2, 37 whereas HDAC5 phosphorylation and nuclear export were reported to mediate angiotensin II-induced mouse embryonic fibroblast-2 activation and vascular smooth muscle cell hypertrophy. 38 Additionally, trichostatin A, a potent inhibitor of HDACs, was shown to have a proatherogenic effect in Ldlr Ϫ/Ϫ mice fed a Western-type diet. 39 Our experiments indicate that the interaction of HDAC3 and Akt is critical for endothelial cell survival. Interestingly, this novel function of HDAC3 is independent of its deacetylase activity. Because the association of HDAC3 with multiunit repressor complexes (silencing mediator for retinoid and thyroid hormone receptors and nuclear-receptor corepressors) is essential for its enzymatic activity, 9, 24 the data presented here provide direct evidence that the unbound HDAC3 protein also has specific functions in endothelial cells.
Conclusions
We have identified HDAC3 as a key regulator of endothelial cell viability that functions in part through controlling the activation of Akt. We uncovered a novel interaction between HDAC3 and Akt, determined the residues involved, and elaborated on the molecular mechanisms in place. The specific upregulation of HDAC3 expression in atherosclerosis-prone areas through VEGFR2 activation and the robust atherosclerotic lesion formation in shHDAC3-infected isografts further underlined the importance of HDAC3 in endothelial cell function. The coexistence of proinflammatory and antioxidative gene expression in endothelial cells in areas of disturbed flow that facilitate the survival of endothelial cells has been highlighted by previous studies. 40 Here, we propose that HDAC3 acts as a prosurvival molecule for endothelial cells in these areas, implying that HDAC3 might serve as a target for novel therapeutic approaches in cardiovascular diseases.
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